Abstract-A two-arm Nojima origami conical spiral antenna (CSA) is designed. The antenna is based on the origami Nojima wrap pattern that enables the antenna to morph from a planar dipole to a conical spiral. The design equations of the Nojima origami CSA are presented and its performance is studied using simulations and measurements. The reflection coefficient, input impedance, gain, and axial ratio of this antenna are investigated over a wide frequency band. The radiation patterns of this antenna are also examined. A prototype of an origami Nojima CSA with 1.5 turns is manufactured and measured.
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I. INTRODUCTION
T HE conical spiral antenna (CSA) is one of the most popular frequency-independent antennas and it is widely used in space and satellite communications. The CSA was developed in [1] . Rumsey [1] introduced the angle principle, which states that the frequency-independent antenna is entirely defined by angles. Also, the truncation principle should be satisfied for practical antennas that must have an active region of finite size [2] . Dyson [3] provided comprehensive information for the CSA by performing a series of measurements. Yu and Mei [4] , [5] analyzed the CSA using the method of moments. The properties of the CSA have been studied by many researchers [6] - [10] .
Origami reconfigurable antennas have been recently developed and exhibit several advantages, such as, multiband operation, reconfigurable radiation properties, and remarkably efficient payloads [11] - [18] . In [17] , an origami CSA that can adjust its height was developed. This antenna had two operating frequencies with different axial ratios. Its conical shape was made by connecting the two sides of the 2-D base pattern.
The Nojima wrapping origami structure was proposed in [19] . This structure can fold a 2-D pattern into a symmetrical 3-D wrap shape without any cutting or gluing. Various types of Nojima wrap models can be designed by using different central-hub shapes and different angles [20] . Some ultra-wideband antenna [6.8:1 ratio bandwidth (BW)] [21] and antenna arrays (6:1 ratio BW) [22] , [23] have been developed recently. The physical sizes of these antennas are large. In this paper, a low-cost prototype with small folded volume is developed, which works at both the UHF radar band (0.48 GHz) and the S-band (2.1-3.5 GHz).
In Section II, the relationships between the angles of the Nojima wrap pattern geometry and those of the traditional CSA are presented. Also, design formulas for Nojima origami CSAs are derived. In Section III, two different quasiequivalent Nojima origami CSAs are developed, and their performance is compared with the performance of traditional CSAs. Section III illustrates that the origami Nojima pattern can transform a planar dipole printed on a flexible substrate to a polygonal CSA thereby: 1) providing a new way to construct from planar flexible metalized substrates polygonal CSAs that exhibit similar performance to the traditional CSAs and 2) creating a physically reconfigurable antenna that can change its performance by changing its geometry. In Section IV, the properties of a practical Nojima square origami CSA with a balun are examined at the folded and unfolded states. It is shown that the Nojima origami antenna exhibits reconfigurable performance at the two states. Also, a prototype of the proposed origami antenna is constructed and its performance is validated through simulations and measurements.
II. DESIGN OF NOJIMA ORIGAMI CSA A two-arm CSA that is constructed by winding two metallic strips around the surface of a truncated cone is shown in Fig. 1 . The geometry of a CSA is defined by three angles, which are the half-angle of the cone, θ 0 , wrap angle, α, and the angular width, δ, of the antenna arms. The angle θ 0 is measured 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. between the axis of the CSA and the side of the cone. When θ 0 = 90°, the CSA becomes a planar spiral antenna [6] , which radiates equally in two directions (±z). Smaller angle values of θ 0 provide larger gain and larger front-to-back ratio. The angle α, which describes the rate of wrap of the arms, is the angle between the antenna arm and the radial line from the apex of the cone. The greater angle α causes more uniformity in the main lobe [9] . In most applications, θ 0 is from 5°to 15°, and α is from 60°to 80° [8] . The angle δ defines the angular width of the arms along the cone, and it is constant everywhere along the cone. Larger δ always yields a higher attenuation rate and slightly narrower beamwidth [5] . When δ = 90°, the metallic arms are identical in size and shape to the nonmetalized regions of the conical surface. This is called a self-complementary structure, which is most commonly used in CSAs. The minimum and maximum diameters of the truncated cone are d and D, respectively. The BW of the CSA is limited by the minimum and maximum diameter of the cone and is approximately written as [8] 
The sense of rotation of the circularly polarized field is determined by the direction of winding of the CSA arms. The Nojima wrap pattern is a symmetrical structure. The central-hub of a Nojima wrap pattern has to be an N-gon shape [19] . Fig. 2(a) shows a Nojima wrap pattern sheet with a square central-hub. The square side length is . The inner angle ϕ ( ABC) of the central-hub is
In order to construct the fold lines of the Nojima pattern, pairs of dashed lines and solid lines need to be drawn from the corners of the central-hub, as shown by ① and ② in Fig. 2(a) .
In this paper, all solid fold lines correspond to mountain-folds and all dashed fold lines correspond to valley-folds. These fold lines will make the pattern sheet fold like an umbrella. Then, in order to make the pattern sheet roll around the centralhub, the following steps are followed: 1) another solid line from corner B needs to be drawn and intersect line ① at Finally, by folding the sheet along the creases marked by the fold lines, the sheet can be wrapped into the semifolded shape shown in Fig. 2 (b) and the fully folded shape shown in Fig. 2(c) . The fully folded pattern occurs when every surface of the pattern touches adjacent surfaces without any space between them. For our discussion, angles BAA 1 , A 1 AD, and ABA 1 are denoted as α , β, and γ , respectively. The four angles α , β, γ , and ϕ define the geometry of the origami Nojima wrap. The following condition must be satisfied in order to wrap the sheet around a central hub symmetrically to its vertical axis [19] :
Different wrapping models can be designed by choosing different angles β and γ . It should be noted that the fold lines are calculated without taking into account the thickness of the sheet. In practice, the creases need to be adjusted based on the thickness of the substrate so that the wrapped layers are logarithmically separated from each another radially in the fully folded state, rather than being coplanar [24] . The geometry of the fully folded square central-hub Nojima wrap pattern is a truncated square pyramid shape as shown in Fig. 3(a) . Every side of the model has the isosceles trapezoid shape. The upper corner angles of the trapezoid are equal to γ . If we place a metal strip along line ① (valley-fold line), when the sheet is fully folded, the metal strip will have a conical square spiral shape, as shown by the black strip in Fig. 3(a) . The angle between the metal strip and the trapezoid top line is equal to α . The winding direction of the metal strip is right-handed. A left-handed line can be achieved when α is larger than π/2. The relationship between α and the CSA angle α is
Fig. 3(b) shows the cross section through the symmetry axis of the pyramid. If the material thickness can be omitted, the half vertex angle θ is defined only by the inner angle ϕ and the angle γ as
when γ = π/2, the pattern will fold into a cuboid, and the metal strip will be have a helical shape. When γ > π/2, the bigger γ is, the bigger θ is. When γ < π/2, the whole pattern will fold upward, and the central-hub will be the bottom of the structure. The folded pattern will have the same structure if all the creases in Fig. 2 (a) are folded in the reverse fashion, i.e., the valley folds will be mountain folds and vice versa, and ABA 1 is made equal to π − γ . In the rest of this paper, only the γ > π/2 case is considered. When the thicknesses of the substrate and metal layer are taken into account, the half vertex angle θ can be derived as where t 1 is the thickness of the substrate and t 2 is the thickness of the metal layer. In practice, the actual θ may have slight disagreement with the theoretical value because of the slight deformation of the material surface.
The length of each segment of the metal strip that forms the antenna can be calculated. In Fig. 4 
By using trigonometrical functions, the relationship between n and (n − 1) is as follows:
This means that as the number of turns of the spiral fold line increases, the angle n decreases. Also, in order to make the entire Nojima pattern have a closed shape, n should be positive. Therefore, the maximum number of the segments n max of line ① satisfies the following condition:
From (3) and (10), it is found that when angle γ increases, the maximum number of metal strip segments decreases. Noticing that n, n , and β are the three interior angles of a triangle, the relationship between n and (n − 1) is found from (9) , that is
By using the law of sines, the length of segment AA 1 is determined from triangle ABA 1 as
The length of AA n in terms of AA n−1 is the following:
As previously mentioned in this paper, when δ = 90°, the traditional CSA achieves best radiation performance. The same radiation performance can be achieved by the origami CSA design. Here, the square central-hub Nojima pattern is used as an example. In this case, the metal strip needs to be widened to make the truncated square pyramid shape a self-complementary structure. In Fig. 5 
By putting the metal layer in the area AA n M n M 1 B, the metal layer covers half of the perimeter of the horizontal cross section when the pattern is fully folded. The length of segment line A n M n can be calculated from the following equation:
The active region of this antenna moves from the centralhub to the large end of metal layer as the wavelength of the radiation goes from
III. COMPARISON BETWEEN THE NOJIMA ORIGAMI CSA AND THE TRADITIONAL CSA
In this section, two types of a two-arm Nojima origami CSA (square central-hub and hexagon central-hub) are designed and compared to the traditional CSA. All the results are simulated using ANSYS HFSS. Fig. 6(a) shows the model of a traditional two-arm CSA. Each arm of the CSA has 1.5 turns. The half-angle of the cone θ 0 is 7.6°, the wrap angle α is 70°, and the angular width δ is 90°. The minimum diameter d is 23 mm, and the maximum diameter D is 48 mm. The total height h of the traditional CSA is 93.7 mm. The active region of this CSA moves from the small end to the large end as the operating Fig. 6(a) . Fig. 7 shows the metallization layout (represented by the black area) on the planar (unfolded) Nojima pattern. In order to make the Nojima origami CSA have 1.5 turns, lines ① and ② of the Nojima hexagon pattern must have nine segments, and lines ① and ② of the Nojima square pattern must have six segments. Two metal strips are placed symmetrically on the flat dielectric substrate, as shown in Fig. 7 . It is expected that this structure will work as a dipole when the substrate is flat (i.e., unfolded). The performance of the unfolded antenna is discussed in Section IV. In the simulation model, the thickness of the metal layer is 0.1 mm. From the equations in Section II, the values of all the parameters of the Nojima origami CSA are calculated and listed in Table I . Fig. 8 shows the simulated input impedance (resistance and reactance) of the three antennas. These results illustrate that the reactance of the Nojima hexagon and square CSAs is close to zero from 2.3 to 3.5 GHz and 2.5 to 4 GHz, respectively. Also, the resistance of the Nojima hexagon CSA is approximately 150 in the operating frequency range of the traditional CSA (2-4.2 GHz), whereas the resistance of the Nojima square CSA is approximately 100 from 2.3 to 4 GHz. Our simulation analysis has shown that when the angle parameters of the origami CSAs are set, the number of turns of each arm will not significantly affect the input impedance. In fact, the input impedance is mostly dependent on the shape of the central-hub of the CSA. Also, since the central-hub of the Nojima hexagon CSA geometry has more sides than that of the Nojima square CSA, the Nojima hexagon CSA is geometrically more similar to the traditional CSA and therefore, it is expected that the input impedance performance of the Nojima hexagon CSA will be more similar to the one of the traditional CSA. Fig. 9 shows the simulated gain along the zenith direction (+z) versus frequency of the three CSA antennas. It can be seen that in the operational frequency band the gain of both Nojima origami CSAs is approximately 1 dB lower than the gain of the traditional CSA. Gain depends on an antenna's radiation intensity and total power accepted by the antenna and it does not include the reflection efficiency. Also, it should be noted that the conduction and dielectric efficiency of all three antennas is approximately 100%. Therefore, the lower gain of the Nojima CSAs is due to the lower directivity of the Nojima CSA radiation patterns.
The field at the highest operating frequency of the CSA is radiated from the small end of the cone whereas the field at the lowest operating frequency is radiated from the large end of the cone. In fact, the part of the cone, where its cross section is approximately one wavelength in circumference at a given frequency, is responsible for the majority of the radiated field at this frequency [8] . As previously mentioned in this paper, the volume of the Nojima hexagon CSA and that of the Nojima square CSA are approximately the same. Therefore, the perimeters of both the small and large ends of the Nojima square CSA are larger than the corresponding perimeters of the Nojima hexagon CSA. Thus, at the lower frequency range (below 2.7 GHz), the Nojima square CSA has better radiation performance. This also explains why the gain of Nojima hexagon CSA is better at the higher frequency range (above 2.7 GHz). Fig. 10 shows the surface current density distribution of the traditional CSA and the Nojima origami CSAs at 2.5 and 3.5 GHz. It can be observed that the Nojima origami CSAs have a similar current distribution compared to the traditional CSA. The magnitude of the current density initially increases to its peak value as it flows away from the input port and then decreases in value [5] . The distance from the input port at which the current is maximum is directly proportional to the wavelength of the operating frequency. It can be seen that the current magnitude maximum position moves closer to the input port of the antenna as the frequency increases.
The simulated axial ratio of the three CSAs at zenith is shown in Fig. 11 . The axial ratio of all three CSAs is below two (i.e., 3 dB) in the traditional CSA's operating frequency band. Therefore, all three CSAs are circularly polarized. Fig. 12 shows the elevation patterns for ϕ = 0°and ϕ = 90°for the three CSAs. The patterns are given for both of the circular polarized components of the electric field, i.e., right-handed and left-handed. It is seen, that all three CSAs are right-handed circularly polarized as expected and the radiation pattern is directional toward zenith. Figs. 8, 9, and 11 show that all the three CSAs have broadband performance [9] . The operating frequency BWs of the quasi-equivalent origami CSAs are smaller compared with the bandwith of the traditional CSA. When we increase the number of sides of the central-hub, N, of the origami CSA model, the antenna input impedance will be closer to the traditional CSA, and the antenna gain will increase at the higher frequency range but decrease at the lower frequency range.
The BW of the origami CSA can be increased by increasing its number of turns and decreasing its wrap angle. For example, if we decrease α to 15°, a new Nojima square pattern can be built in the same area, in which the lines ① and ② will have eight segments, as shown in Fig. 13(a) . The pattern will be folded into a 2-turn Nojima square CSA with the wrap angle α equals 75°, as shown in Fig. 13(b) . From the simulation results, the operating frequency band of this 2-turn Nojima square CSA is 2-3.8 GHz. The gain along the +z direction of the 2-turn CSA is approximately 0.5 dB lower than the 1.5 turns CSA, and its E-plane beamwidth is 10°-20°wider than the 1.5-turn CSA in the operating frequency band.
IV. MEASUREMENTS OF NOJIMA
SQUARE CSA PROTOTYPE
The prototype of the square central-hub Nojima origami CSA shown in Fig. 6(c) is manufactured here. The prototype is constructed using 0.1-mm thick copper tape on 0.2-mm thick sketching-paper substrate without any coating. The copper tape is glued on the paper and creased with the paper, so that it will stay attached to the paper substrate when the antenna is being folded and unfolded. The paper substrate was modeled in the simulations with a relative dielectric constant ε r of 3.2 [25] . The unfolded antenna is shown in Fig. 14(a) . Fig. 14(b) shows the folded Nojima square CSA. The blue paper tape is used to make the sketching-paper substrate tight, as close as possible to the fully folded state. The substrate thickness of this prototype is very small compare to the central-hub size, and the CSA only has 1.5 turns, so the fully folded prototype shape is approximately the same to the simulation shape shown in Fig. 6(c) .
A microstrip balun is used to transform the unbalanced coaxial cable to the balanced Nojima square CSA structure and realize the impedance transformation [26] , [27] . Fig. 15 shows the front and back side of the linearly tapered microstrip balun. Rogers RO5880 with the dielectric constant ε r = 2.2 is the substrate material of the balun. The substrate thickness is 1.5 mm. The length of the balun l 1 is 90 mm. From the simulation results in Fig. 8 , the widths w 1 , w 2 , and w 3 were found to be 2.4, 4.5, and 25 mm, respectively, as shown in Fig. 15 . At the input port, the cross section of the line resembles a microstrip with approximately 50 characteristic impedance, while, at the output port, the strips are of equal width, constituting a balanced strip double line with approximately 100 characteristic impedance. This balun also exhibits broadband performance. A 50 male SMA (SubMiniature version A) connector is soldered at the input side of the balun. Two slots were cut on the central-hub of the paper substrate, allowing the copper tape to pass through. The copper tape was soldered at the output of the balun. Fig. 16 shows the simulation antenna models with the balun of the unfolded and fully folded states. In order to make the antenna shape clear, the paper layers are hidden in the picture. The side length of the central-hub for the Nojima CSA prototype is 19 mm. From Section III, lines ① and ② of the Nojima square pattern have six segments. The width, which is denoted as A 6 M 6 (see A n M n in Fig. 5 ), of the metal strip ends is approximately 32 mm. From (16) , the BW of the folded antenna is approximately 1.78. The measured BW is 1.67 with the antenna's operating frequency ranging from 2.1 to 3.5 GHz [8] . The measured BW is slightly smaller than the theoretical one.
It should be pointed out that the proposed origami antenna is a physically reconfigurable antenna (i.e., an antenna that can change its performance by changing its physical geometry) that can operate as: 1) a CSA when it is folded and 2) a dipole when it is unfolded. When this antenna operates as a dipole antenna, it will operate at a significantly lower frequency than the lowest operating frequency of the CSA, because the dimension of the unfolded dipole is much larger than the folded CSA.
In Fig. 16(a) , the total length of each metal arm, which is denoted as AM 6 is 148 mm, so the dipole is expected to operate as a half-wavelength dipole around 0.5 GHz. Fig. 17 shows the simulated and measured reflection coefficient of the Nojima square CSA at the unfolded state, where it operates as a dipole. Fig. 18 shows the simulated and measured reflection coefficient of the Nojima square CSA at the fully folded state. The reflection coefficient of this antenna is below −10 dB from 2.1 to 3.5 GHz for both simulation and measurement, which confirms its broadband operation. Fig. 19 shows the simulated 3-D radiation pattern of the Nojima square CSA at the unfolded state for 0.48 GHz and fully folded state for 2.5 GHz. Fig. 19 illustrates that when the Nojima antenna is flat (i.e., unfolded), it resembles the pattern of an ordinary half-wavelength dipole at 0.48 GHz corresponding to the antenna resonance shown in Fig. 17 . The measured peak realized gain is 1.8 dB and the Nojima antenna at this planar state is linearly polarized. Also, Fig. 19 shows that when the Nojima antenna is folded, it exhibits a directional radiation. Our simulation results show that the peak gain is approximately constant in the operating frequency band 2.1-3.5 GHz. Also, the shape of the 3-D radiation pattern stays directional, and the E-plane beamwidth varies from 123°to 172°in this frequency band. Simulated and measured realized gain axial ratio along the +z direction of the Nojima square CSA at the folded state. Fig. 9 corresponds to the Nojima square CSA without a balun. Also, Fig. 20 plots the realized gain of the origami CSA, which includes the effects of impedance mismatch, whereas Fig. 9 plots the gain that does not include the effects of impedance mismatch. The prototype was measured in a StarLab anechoic chamber as shown in Fig. 14(b) . The measurement shows that the realized gain of the prototype is larger than 4 dB in the operating frequency band of 2.1-3.5 GHz. Fig. 21 shows the simulated and measured gain axial ratio along the +z direction of the Nojima origami antenna at its folded state. The measured axial ratio is below two (i.e., 3 dB) in the operating frequency band of 2.1-3.5 GHz, which agrees with the simulation results. This shows that the folded origami antenna (i.e., origami CSA) is circularly polarized. The slight disagreement between the measured and simulated reflection coefficient, realized gain and axial ratio of the fully folded antenna can be attributed to the fact that the simulation folded model is an ideal pyramid shape, which cannot be exactly realized by the prototype. Fig. 22(a) and (b) shows the elevation patterns at 2.5 GHz for ϕ = 0°and ϕ = 90°. Fig. 22(c) and (d) shows the elevation patterns at 3 GHz for ϕ = 0°and ϕ = 90°. The measured gain data illustrate that this prototype of the square centralhub Nojima origami CSA is directional toward the zenith.
The Nojima antenna can be folded and unfolded by pulling the ends of a pair of lines ① (see Fig. 2 ). For example, the folding actuation mechanism can be realized by a gripper system [15] . When the antenna is folded, the balun structure is totally inside the antenna, and the gripper structure can be placed on the top of the antenna. Each arm of the gripper is at least 150 mm and will be placed on the side of the antenna. The area of the step motor is 20 mm×20 mm [15] . The entire system can be packaged in a cylindrical space with 40 mm radius and 180 mm height. We have recently manufactured the origami antennas on 3-mil thick Kapton substrate and we are evaluating its performance and robustness. Our results on the evaluation of origami antennas on flexible substrates along with their actuation mechanisms will be presented in our future work.
V. CONCLUSION
In this paper, a morphing Nojima origami antenna, which can transform itself from a planar dipole structure to a 3-D CSA structure, is presented. The angle parameters of the Nojima pattern are studied and the equations for designing 3-D Nojima CSAs are derived. Two quasi-equivalent geometrical models of traditional CSAs are developed. A prototype Nojima square CSA was manufactured to validate the design equations and simulation results. Our findings can be summarized as follows.
1) The 2-D Nojima pattern can be folded into a symmetrical 3-D multilateral conical structure. In this way, an omnidirectional linearly polarized dipole antenna can transform (i.e., morph) itself into a directional circularly polarized broadband CSA, thereby providing reconfigurable antenna performance in terms of operating frequency, gain and radiation pattern. 2) This Nojima antenna design provides a new and more convenient way to construct polygonal CSAs on flexible and foldable substrates that exhibit similar performance to traditional CSAs. The operating frequencies of the proposed origami CSA/dipole antenna can be changed when the physical dimensions of the origami antenna are modified. Since the dimension of the unfolded dipole is much larger than the folded CSA, it will cover a significantly lower frequency band (e.g., UHF band or lower band for satellite communication) than the lowest frequency of the CSA. Therefore, two transceiver systems have to be used; however, only one antenna is needed to cover both frequency bands, which is beneficial for spaceborne and satellite applications as it will reduce the number of antennas needed in a platform. Our future research will concentrate on the development of a compact and robust deployment mechanism for this design. Also, the fabrication of origami CSAs on materials different than paper (e.g., flexible PCBs) is expected to become easier with future advancements in additive manufacturing.
